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ABSTRACT 
seeded polymerizat.i,ons of polystyrene/styrene 
systems initiated by 0.5 mM potassium pe,rsulfate were 
carried out in a piston/cylinder prototype dilatometer 
(LUMLR). In long duration tests at room temperature. in 
the absence of initiator, a thermal background poly-
merization rate was observed. This observation was 
confirmed by parallel tests run in a glass dilatometer. 
The rate of polymerization at room temperature in the 
absence of initiator was found to be 0.56% 
conversion/hour in the constant rate period. 
Hydroquinone was found to inhibit polymerization at 
room temperature for a length of· time directly proper-· 
tional to its initial concentration. The observed 
induction periods were only 1.8% of the length 
expecte~. It was postulated that this low inhibition 
efficiency was due to the slow oxidation of the non-
inhibiting hydroquinone to benzoquinone which then 
caus~d the inhibition. 
Studies of the solubility ~f hydroquinone in water 
and in styrene indicated that hydroquinone should par-
tition primarily in the aqueous phase. T~is ~esult 
was confirmed by measurement of the surface charge den:-' 
sity for samples with and without hydroquinone., which 
showed that the hydroquinone neutralized free radicals 
1 
only in th~ aqueous phase. Molecular weight 
determinations indicated th~t no copolymerization of 
styrene and hydroquinone occurred as had been- observed 
for bulk polymerizations at high temperatures. 
Al though_ generally considered an inhibitor, hydro-
quinone .was found to cause reta·rdation of the polymeri-
zation rate in seeded emulsion polymerizations, and 
this lower rate was also found to be reproducible. 
2 
I. INTRODUCTION 
Perhaps the most studied emulsion polymeri.zation 
system to date has-·been one containing styrene monomer 
and an aqueous phase initiator, potassium persulfate. 
The reaction kinetics of this system have been well 
documented and are frequently used to test the validity 
of different theories of emulsion polymerization. 
Indeed, since this system has been so ex_tensi vely 
studied, it has been referred to ~s a classical 
emulsion polymerization. Despite all the :attentiori) 
devoted to the.emulsion polymerization of styrene, it 
still retains some poorly unde·rstood aspects. One such 
aspect is the mechanism by which certain additives 
alter the polymerization rate. i Dependi.ng on the magni-
tude of the change.observed in the rate, these additi-
ves are characterizJd as either inhibitors or 
retarders. An additive that completely prevents poly-
merization for a length of time and then allows the 
reaction'to proceed at the normal rate is termed an 
inhibitor. An additive that lowers the polymerization 
rate is termed a retarder. The fnhibition and retar-
dation of the bulk polymerization of styrene have been 
well studied1 • However, considerably less attention 
has been devoted to the effect of inhibitors or retar-
ders on the emulsion polymerization of styrene •. · 
3 
The behavior of bulk styrene and styrene emulsified 
in water are markedly different. This became apparent 
after analyzing the results of an emulsion polymeriza-
tion experiment carried on board the third orbital 
mission of the Space Shuttle "Columbia". This experi-
ment was a polystyrene/styrene seeded .emulsion poly-
merization initiated by potassium persulfate which was 
intended to produce a monodisperse latex. This classi-
cal system was designed as a "·control" experiment to 
compare the polymerization kinetics obtained in the 
microgravity of earth orbit to the ~inetics obtained in 
an earth based experiment. Because of the time 
constraints dictated by the Shuttle preparation 
schedule, the prepared recipe was required to sit in a· 
reactor on board the Space Shuttle for nearly four 
days prior to reaction. -During .this four day delay 
however, the recipe_ was polymerized to completion, thus 
eliminating· its value as a control experiment. The 
occurrence of this unexpected polymerization without the 
heat-up to reaction tempei::ature, prompted the search 
for an explanation of this result and the subsequ_ent 
design of a new "control" experiment. This control 
experiment had to meet thre~ criteria. First, the 
recipe had to be· a classical emulsion polymerization 
system containing small Csubmicron) sized ·seed 
particles, styrene monomer, and potassium persulfate 
4 
initiator. secondly, because of the four day delay 
prior to reaction, the system had to resist any room 
temperature polymerization prior to heat-up to the 
70°c reaction temperature. Finally, the reaction. had 
to· yield reproducible kinetics. For these ieasons, th¢ 
addition of an inhibitor to the seeded emulsion system 
was deemed necessary. 
Thus, the purpose of this_ study was twofold: to 
obtain iriformation ~n the action of inhibitors in 
emulsion polymerization; and to use this information to 
develop a control experiment for a spaceflight experi-
ment which satisfied the above criteria. 
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II. THEORETICAL BACKGROUND 
Emulsion polymerization is generally subdivided 
into three intervals. Interval I covers the nucleation 
of polymer· particles and -in this interval monomer 
droplets, emulsi~ier ions., micelles, and monomer-
swollen polymer ·particles 99exist in the .aqueous phase. 
In Interval II, the micel~es no longer exist, there is 
no further nucleation. of particles, and polymerization_ 
occurs in the monomer-swollen polymer particles. The 
monomer droplets still exist in_ the aqueous phase and 
act as a monomer-supplying resevoir for the po.J,.y-
merizing particles. Interval III commences when 
monomer droplets no longer exist, and in this interval, 
polymerization continues in the monomer-swollen 
par:tlcles. A seeded polymerization is a technique 
often used to produce a moriodisperse latex. In this 
method, a monodisperse seed latex is preswollen with 
monomer and then polymerized. This eliminates the par-
ticle nucleation stage (Interval I) and th~ polymeriza-
tion occurs only in the swollen particles. In this way 
the uniformity of the particle size is maintained. 
The mechanistic view of emulsion polymerization 
2 given above.was first proposed by Harkin$ and was 
3 later quantified by Smith and Ewart·. Smith -and Ewart 
were not able to obtain a general solution to the 
steady state equation they developed, but they were 
6 
1 't for three separate cases: the case. able to so ve l. . 
. b of radicals per particle (n) where the average num er . 
was much less than 1 (Case I)i the case where E was 
the case where Ewa~ much equal to! (Case II), and 
greater than 1 (Case III)~ The value of Eis deter-
mined by the rate of the r ate of desorption, and entry, 
the rate of termination d · the of free radicals, an in 
emulsion polymerization, is generally case of styrene 
equal to!. 
(R) iri a seeded The rate of polymerization P ~ 
emulsion polymerization is given by 
R = k [M] B N /N 
p p p p A 
= propagation rate constant where k 
p 7 
= 2.2 x 10 exp(-7400/1.987 T) 
( l ) 
[M ] 
p 
liter/mole sec for ~tyrene 
·tration of monomer in· the = concen . · 
N 
p 
-n 
N 
A 
particles, mole~/liter 
-1 
= number of particles, liter 
= average number of radicals per 
particle 
= Avogadro's number 
of radicals per particle, n, can The average number 
5 
be expressed as 
! ~ = (0.25 + a/2) 
7 
( 2) 
2 
a = R V N /N k 
abs p A p tp 
where R 
abs 
V 
p 
rate of radi~al absorption, 
moles/liter sec obtained from 
the initiator decomposition 
rate 
= particle volume, l.iter 
( 3) 
k = termination rate constant within a tp 
particle, liter/mole sec 
In this study, the rate of polymerization for a 
polystyrene/styrene seeded system was measured via a. 
dilatometer. From the rate data, values of n could be 
calculated by rearranging equation Cl). These values 
for ii could then be substituted into equation (2) and 
values of the termination rate constant could then be 
extracted. 
The kinetic rate equation for an inhibitor-
containing polymerization has been derived in the 
1,6 literature. In this derivation, the reaction be-
tween a growing chain, M•, and an inhibitor molecule, 
n 
Z, is considered to occur with a rate constant k 
Equation (4) shows this inhibition reaction. 
k 
z 
M• + Z --+ M + Z• 
n n 
z·. 
( 4) 
This inhibition reaction results in the termination of 
8 
the formation of an essentially the growing chain and 
equation for an inhibited unreactive radical~ The rate 
polymerization is given by: 
K [M]R, 
R = 
p 
p 1 ( 5) 
where R 
i 
k C z 1 
z 
= rate of initiation 
[Z] = concentration of inhibitor 
. d fine~ as the ratio of The inhibition constant z, is e . 
for inhibition and propag_ation: the rate constants 
z = 
k 
z 
k 
p 
( 6.) 
alters the polymerization rate can be A substance which 
inhibitor or a retarder depending characterized as an 
f t he inhibition constant. on the magnitude o Thus, 
boundary separating -inhibi-there ~s no sharply defined 
continuum over which tors from retarders; but rather a 
varies from no effect the effect on polymerization rate 
at all, to a . . of polymerization. Complete cessation · · 
9 
III. EXPERIMENTAL 
A. Reactor Description-
The study of emulsion polymerization kinetics 
requires a technique which allows one to determine the 
percent monomer converted to polymer as a function of 
time. From a plot of these conversion-time data one 
can then .extract values for the· polymerization rate 
. 
' 
which is often the desired information in a kinetic 
study. Two of the more popular methods employe.d for 
the collection of conversion-time data in an emulsion 
polymerization are gravimetric.analysis and dilato-
metry. 
Gravimetric analysis is a simple, though crude 
technique which essentially involves the periodic 
sampling and weighing of small t 
amoun s of the reacting 
mixture. 
In this technique, a sample of the poly-
merizing mixture is removed from the reactor and 
weighed. To this sample then, is added a known amount 
of inhibitor, frequently hydroquinone, to shortstop the 
reaction and then this sample is dried in an oven to 
ev~porate water and monomer .to leave only a solid. 
Fr·om the amount of sol1d (polymer) formed, the initial 
weight of the sample, and a knowledge of the initial 
amount of monomer present, one 1 1 
can ca cu ate the per-
10· 
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cent conversion of monomer to polymer. Although this 
technique is straightforward and does not require any 
specialized equipment (other than a balance), it has 
some important limitations. Fir~t, due to the delay 
associated with sampling and weighing, the t1me at 
which a particular conversion occurs will be uncertain. 
This err.or i~ the determination of time becomes more 
important as the rate of reaction increases. Thus, the 
second limitation of gravimetric ~nalysis is that for 
· ·h d 1·s si~ply not sen-very rapid reactions, the met o 
sitive enough and will lead to a great deal of s·catt~r 
in the data. Finally, if one tries to obtain more 
accurate results by samp.ling more often, this method 
becomes very tedious, especially for long reactions. 
Dilatometry, although it offers greater accuracy 
than.gravimetric ~nalysis, also presents some experi-
mental difficulties. It requires that one use a spe-
· · o·f eq· u1· pment, nam. ely a dila to~eter. cialized piece A 
· often si'-mp.ly a glass flask to which has dilatometer 1s 
been attached a glass capillary c~lumn. The reacting 
l d d l·nto the glass flask and capillary mixture is oa e 
h lowered l. nt.o a constant temperature assembly and ten 
bath. As monomer polymerizes the density increases, 
and hence the total volume of the reactants decreases. 
This chang~ iri. volume can be observed as a change in 
the height of liquid in ·the capillary. From a 
11 
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knowledge of the intial recipe and the volume of the 
.capillary, .one can then .convert the change in liquid 
.height to actual percent conversion. When using a 
dilatometer, one must always be careful not to trap 
any bubbles of air in the flask or capilla~, as these 
will ·distort any liquid contraction. due to conversion. 
1 
The Collection of conversion""time data in a 3-------#---.Jll! 
weightless environment prese·nts special ·problems. In 
the form .described above·, neither gravimetric analysis 
nor dilatometry can be used to determine the kinetics 
of an emulsion polymerization. For this reason a novel 
reactor had to be designed which could both contain the 
reactan~s and also record the data that would yield the 
reac"tion kinetics. Figure l shows a diagram of the 
prototype reactor designed for the spaceflight experi-
ments. This reactor, called the Lehigh University 
Monodisperse Latex Reactor (.LUMLR), was designed and 
built by General Electric and was used to collect most 
of the kinetic data in this report. The LUMLR is a 
stainless steel piston/cylinder-type dilatometer. In 
the following description, the numbers listed in 
parentheses refer to the numbered components in Figure 
l. The reactants fill a 100 cc volume in the 
cylinder(lO), and the piston(4) sits on the surface of 
the liquid. A compressed spring (3) in the -piston for-
ces the piston to remain on the surface of the liquid. 
12 
.... --·- ---- -·- ---·------
Figure 1. 
5 ---...;.---H----Ui 
6-----H-----U---J.. 
7 
~15 
. U . versi ty Monodisp_erse Latex Diagram of the Lehigh n1 . textali te housing cover; 
Reactor(LUMLR) •. 1, bo;t• 0 :~irig; 6. fluid· temperature J, springs 4. pistons • ature thermistor; 8. LVDT; 
probes 7, cylinder temp!rn volume; 11, stirrer sha~t; 
9, exit ports '210f •• r1~!~tg ·poort; 14. b~seplates 15. stir-12. o-rings 1J, 1 . 
rer motor. 
13 
Thus, as the volume of the liquid decreases due to 
!)Olymerization, the piston height also decl.'eaSes. This 
change in. position is translated into a voltage signal 
by a Linear Voltage Differential Transducer CLVDT) ca). 
By calibrating this device, one can easily convert the 
output voltage data into distance traveled by the 
Piston and then into volume change. Temperature sen-
sors (6,7) measure the temperature of the fluid and of 
the reactor wall, respectively. The latex was heated by· 
means of electrical heating tape wrapped around the 
bottom half of the stainless steel cylinder. A tem-
perature controller enabled the polymerizations to run 
at either 70 °C or 90 °C. The latex was prevented fr.om 
leaking out of the cylinder by the use of two o-rings; 
one located on the piston (5), and the other in the 
base of the cylinder (12). During polymerization, the 
reactants were agitated by a stirrer located in the 
base of the reactor. The teflon stirrer blade was 
attached to a stirrer shaft Ill> which was powered by a 
stirrer motor Cl5 , TRW, Globe Motor Divis ion) and could 
be operated in one of three modes: clockwise 
agitation, counterclockwise agitation, and oscillatory 
or "washing machine" agitation. In addition to this, 
the $pE!ed of the stirrer could be varied from about 5 -
25 rpm. In this work, all polymerizations were carried 
out using oscillatory stirring at a speed of 13 rpm. 
14 
- ···-----
h t . of the LUMLR, The controls for the stirring and ea ing 
along with all of the other electronics, are housed in 
a metal container called the MLR controller. A 
diagram of the LUMLR, 
data recording device 
the controller, and the automatic 
(A.O. Data Minilogger, ML;..lOA) 
2 The data recorder contains an appears in Figure • 
internal clock, and can es . b et to scan and record up to 
1 t' e intervals. Voltages at several regu ar im ten input 
data to be recorded regularly for long This permits 
After a polymerization the duration experiments. 
recorded on the cassette time/temperature/volume data 
tape were reduced with the aid of a computer program 
d conversion-time curves an generated along with plots 
of other useful kinetic data. 
B. Recipe Preparation 
were carried out in In all cases, the pol¥Jllerizations 
ted on a seeded the LUMLR, except where no ' . 
The method of seeded polystyrene/styrene system. 
of styrene was described emulsion polymerization 
The poly~tyrene seed used in earlier in this report. 
0 19 nm diameter monodisperse all experiments was a • ,... ..
· 1 co (LS 1102-A). latex obtained from the Dow Ch.em1ca . 
45 weight per-The stock latex which was approximately 
Was first filtered through glass wool and cent solids, 
approxi.mately 6% solids ~y the addition then diluted to 
The diluted latex was of distilled, deionized water. 
15 
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poured into a one liter pyrex glass bottle and a clean 
magnetic stirring bar was added. The latex was then 
ion-exchanged by using approximately 10 .grams of a 
mixed be.d of anionic C Dowex 1} and cationic C Dowex 50 > 
ion-exchange resin (Dow Chemical Co.}. Both the 
anionic and the cationic ion-exchange resin had pre-
viously been carefully purified according to the pro-
7 
cedure described by Vanderhoff, et al. The mixed bed 
resin in the dilute latex was gently agitated, by the 
magnetic stirrer for two hours after which the resin 
was removed by filtering the latex through glass wooi . 
F~esh tesin was added,. and the procedure was repeated 
five times. This ion-exchange procedure was designed 
to. remove any emuls·ifier or electrolyte (e.g. initiator 
or salts left over from the preparation of the stock 
l_atex} that may have been in the stock latex:. The seed 
.latex thus cle~ned, was next concentrated to approxima-
tely 16 - 21% solids in a serum replacement cell. A 
membrane (Nuclepore Co.} with very uniform, 0 .2 µm 
diameter pores wa·s used in the cell to filter out water 
while containing the polystyrene particles. Clogging 
of the membrane by the pa_rticles was minimized by 
vigorously agitating the latex during the filtration. 
The styrene monomer (Fi~her Scientific Co., certified 
grade, inhibited·) was washed several times with an equal 
volume of a 1Q% by weight aqueous sodium hydroxide solution 
17 
i, 
in a separatory funnel to remove the inhibitor. The 
monomer was then washed with distilled dei_onized water 
until litmus paper indicated the absence of base. To· 
the washed monomer .was then added approximately 100 
grams/liter of anhydrous sodium sulfate to remove any 
water •. After tumbling for sev~ral minutes, the washed 
monomer was stored in a refrigerator at -20°c. Prior 
to use, the styrene was doubly distilled with the 
second distilla"tion occurring immediately prior to the 
mixing of the recipe. Both disti~lations were done 
under a bianket of very pure and dry nitrogen gas at a 
pressure of 10 mmHg in an all glass distillation rig 
with greaseless joints. 
Potassium persulfate (Fisher Scientific co., cer-
tified grade) was purified by recrystallizing it from 
distilled deionized water at a low temperature. The 
crystals were washed.with acetone (Bioclinical 
Laboratories, technical grade) several times and then 
dried at ro.om temperature in a vacuum oven. The dried 
cry~tals were stored under dry nitrogen gas in a refri-
gerator at -5°C. 
Aerosol MA-80 emulsif~er (sodium dioctyl 
sulphosuccinate, American Cyanamid, industrial grade) 
was used without purification, but was dilute.a to 
approximately 8 - 9% by weight in distilled deionized 
water before use. Sodium Qicarbonate (Fisher 
scientific co., certified grade), p-benzoquinone, and 
· (both. F1'sher Scientific Co., purified hydroqu1none 
all Used as r. ecieved, without further grade) , were 
purification. 
Using the above materials, the recipes were prepared as 
follows. Into a clean a-ounce bottle was weighed the 
1 MA 80 1 t ·1· on using a Sauter four~place aqueous Aeroso - sou  
1 The amount of emulsifier added was ana~ytical ba ance. 
calculated to yield 8% coverage of the final particle sur-
face; this amount ·being determined from the known· 
adsorption isotherm of Aerosol MA on polystyrene. 
Next, the sodium bi.carbonate buffer was ~dded as a 
solid to the bottle. The amount of buffer a.dded was in 
all cases equal to the amount (by weight} of initiator 
added. The buffer was added to prevent the latex from 
becoming acidic during the course of the 
polymerization. To the emulsifier and buffer was then 
added the cleaned 0.19 .,um diameter· polystyrene seed 
latex. The seed latex was added in an amount which 
would form a recipe with a 10 weight percent. solids 
content. Thus, in the case 6f a ~00 g recipe, seed 
2 Of Polyst.yre.ne particles was latex containing O g 
added. The inhibitor was added as an aqueous solution 
. · to be less than 6 parts per when the concentration was. 
million (ppm) based on the total grams of recipe. 
. wa·s added to the bottle prior to This aqueous solution 
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the addition of the seed latex. When the inhibitor 
concentration was to be greater than 6 ppm however, the 
inhibitor was. added as a solid after the seed latex had 
been added. Next, distilled deioni.zed water was added 
to the bottle, with 5 grams being retained for later 
a~dition with the initiator. Finally, the doubly 
distilled styrene monc;>mer was added to the bottle. The 
design monomer-to-polymer ratio in all cases was 2:1. 
Thus, in a 200 g recipe conta·1· n1· ng 20 · g of polystyrene 
seed, 40 g of styrene monomer was added. The bottle 
containing the. recipe was then sealed with a. polyseal 
plastic cap to prevent leakage during the swelling 
procedure. The bottle was placed in a rubber drum {7.S 
in. diameter, 8.?S in. height·>· l1'ned w1'th f 
. oam padding, 
and inclined at an angle of ~pproximately 45° from the 
axis of the drum. The drum lid was secured by a 
plastic screw and the drum was placed with its axis 
horizontal on a lapidary tumbler. The tumbler rotated 
the drum at appro_ximately 33 rpm. In this manner the 
seed particles were swelled by the monomer at room tem-
perature, with the gentle agitatibn described, for 16 -
20 hours. At the completion of the 16 - 20 hou~ 
swelling period, the bottle was removed from the 
tumbler. The potassium persulfate initiator was 
weighed out and then added to the 5 g of ,distilled 
deionized water that was saved. After the initiator 
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had completely dis.solved, the solution was added to the 
now swollen latex recipe. The bottle was then resealed 
and gently agitated by hand for several minutes to 
insure even distribution of the initiator throughout 
the swollen latex mixture. The amount of initiator 
used in the recipes, was O.SmM based on the aqueous 
phase, unless otherwise noted. 
At the completion of the swelling stage, there was 
invariably a slight amount of residual monomer present 
as a separate p~ase on- the surface of the swollen 
latex. This incomplete swelling was probably caused by 
the interfacial tension between the seed latex and the 
· too hi' gh due to the extremely low amount monomer being 
of emulsifier added • This idea is supported by the 
fact that when a latex containing a great deal more 
emulsifier (stock oow LS1102-A uncleaned latex} was 
used as the ~eed, there was no residual monomer 
apparent and the swelling was 100% complete. The 
· 1 ·determ1· nation of the amount of monomer exper1menta 
present in the seed particles is discussed in another 
·t r·n a.11 cases, any residual section of this repor. 
monomer that did not swell the particles, and remained 
d This removal was as a separate phase, was remove. 
accomplished by .filtering the swollen latex. through 
glass wool into a clean 500 ml round bottom flask. Any 
h may have existed was trapp_ed in the monomer layer tat 
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glass wool upon filtering, and therefore, only the 
swollen latex was allowed to enter the flask. Once 
loaded with the .swollen latex, the flask was fitted 
with a ground glass ·attachment to which. could be con-
nected a length of rubber vacuum tubing. By fitting 
the vac~wn tubing to an aspirator, the pressure in the 
round bottom flask could be reduced enough to cause 
out-gassing, with consequent removal of dissolved 
oxygen. A diagram of the degassing operation appears 
in Figure 3. For all runs, the swollen latexes were 
degassed at a pressure of about 20 mmHg for 45 minutes. 
The pressure was regulated by means of a glass needle 
valve attached to the vacuwn line by a plastic T-joint. 
By using this needle valve,the pressure was gradually 
reduced to 20 mmHg in order t.o avoid violent bubbling. 
After the 45 minute degassing period, the pressure was 
raised to·atmospheric pressure and the swollen latex 
was then ready to be loaded into· the LUMLR. 
C. Loading of the LUMLR 
The loading of the prototype dilatometer presents 
unique problems due to the unconventional design. As 
with conventional glass. dilatometers, the· presence of. 
an air bubble in the prototype dilatometer is an unde-
sirable situation which can result in inaccurate kine-
·tics. The LUMLR presents an additional difficulty in 
that its stainless steel cQnstruction prevents the 
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detection of an entrapped air bubble by visual inspec-
tion. Thus, care must be exercised during the reactor 
loading p~ocedure in order to insure that no air 
bubbles become entrapped in the LUMLR. If however, an 
air bubble does become caught in the reactor, it will 
become apparent when the volume change data is 
analyz~q .. 
As the reactants are heated to reaction tem-
pera.ture, the volume of the reactants increases. From 
a knowledge of the ~cunt and the de~sity of each com-
ponent in the reactor, and assuming that the density of 
the mixture is the sum of the component densities, the 
volume as a functiol) C?f temperature for the swollen 
latex can be calculated. This calculated volume as a 
function of temperature can be compared to the volume 
measured by the LVDT dur.ing heat-up, and can be used to 
detect the presence of an air bubble. The presence of 
an air bubble in the reactor will c~use the measured 
volume to differ from the predicted volume since the 
expansion will be offset by the compression of the 
bubble. Figure 4 shows the effect of an air bubble in 
the LUMLR on the expansion behavior of a swollen latex 
during heating. The volume measured by the LVDT, is 
plotted on the ordinate, while the predicted volume is 
plotted along the abcissa. The fact that the predicted 
volume is greater than the actual volume measured by 
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the LVDT, indicates that the latex expansion is being 
offset by the compression of the air bubble. As one 
proceeds from left to right along the diagonal, the 
latex is expanding, and when the curve begins aver-
tical decline, it is indicative of volume contraction 
du.e to polymerization. For this reason,, expansion data 
th~t lie below the 45° line,. as is the case in Figure 
4, will be incorrectly interpr~ted to mean that con-
version occurred during ~he heat-up period. In 
contrast, Figure 5 illustrates similar expansion data 
for a polymerization which shows no indication of the 
presence of an air bubble in-.the reactor. The data lie 
directly on the 45° line, :indicating that the observed 
and the expected expansion are identical. 
Since obtaining accurate kinetics is hindered by 
the presence of an air bubble in the dilatometer, 
effort was. directed at preventing, or at least mini-
mizing, this inclusion 9f ~ir. To this end, a tech-
nique, developed in this laboratory by E.D. Sudol, was 
used to load the LUMLR which greatly improved the 
reliability o°f the observed kinetics. This technique 
involved the loading of the LUMLR under reduced 
pressure, with the idea that if a bubble were to become 
entrapped in the reactor, the force exerted by the 
pi~ton on the reactor volume would cause the bubble to 
collapse and be reabsorbed by the latex. A complete 
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description of the low pressure LUMLR loading method 
follows below. 
·After a swollen latex was degassed and the pressure 
in the flask raised back to atmospheric pressure, the 
ground glass adapter and vacuum tubing were rem~ved 
from the flask. A ground glass adapter, with a tube 
extending to just above the latex surface, and a short 
glass sidearm, was then placed in the round bottom 
flask. To the short glass sidearm was connected a 1 
meter length of teflon tubing of 2 mm I.D. by using a 
small piece of ·Tygon tubing as an adapter.. The other 
end of the teflon tubing also had a Tygon tubing 
adapter and was connected to one end of a stainless 
steel valve (Swag~lok Co.). The other end of the valve 
was a male end of a gqick-disconnect valve (·Swagelok 
Co.). With the valve closed and the male end 
unconnected, the round bottom flask was car.efully 
inverted. The flask was supported in the inverted 
position on a ringstand py using two clamps. Once the 
flask was firmly secu~ed, the vacuum line was attached. 
to the long glass adapter tube. The male end of the 
quick-disconn·ect valve was next connected to the 
' 
. 
filling port quick-disconnect piece on the LUMLR (13 in 
Figure l) • A 125 m_l erlenmeyer flask was fitted with a 
rubber stopper through which two glass tubes protruded. 
One of the glass tubes ·was connected t9 the LUMLR exit 
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port (9 in Figure 1) by means of a Tygon tubing 
adapter, and the other tube was connected to the 
vacuum line. 
as a tr~p for 
In this way, the erlenmeyer flask served 
any latex that overflowed the LUMLR exit 
port during loa 1ng. d . Next, the piston position was 
checked to verify that· it was at its maximum height 
Provid.ing the maximum empty volume in the Ci. e. 
reactor) by making sure the -bolt (1 in Figure 1) could 
not be turned clockwise any further. Finally, the 
in~lined so that the exit LUMLR and its platform were 
an a·ngle of approximately 20 o frqm the port was at 
horizontal. A diagram of the loading equipment appears 
and l·n. the f_ollowirig des~ription, the let-in Figure 6, 
· the letters l~beling this ters in parentheses refer to 
figure. With the fill valve closed (f) and the vacuum 
cut-off valve open (h), the vacuum pump (or aspirator) 
the needle valve was a~justed so that was turned on and 
e of approximately the entire system was under a pressur 
When the pressure was stabilized, the fill 3SmmHg. 
b flowing through the valve was opened and latex egan 
teflon tubing into the reactor. In order to induce 
flow, the round bottom flask and rii;igstand were 
elevated, thus providing~ hydrostatic head. After 
about 20 - 30 mirtutes the reactor would be filled and 
latex would .begin to overflow into the erlenmeyer 
flask. bubbles were no· longer visib.le in the After air 
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overflow tube, the fill valve was closed and the piston 
was lowered until no more fluid was expelled from the 
exit port, and the piston no longer moved. The vacuum 
cut-off valve was closed artd the fill valve was opened 
so that the pressure of the piston forced latex back 
into the round bottom flask as the piston was lowered 
3 
to the 100 cm calibrated position. This accomplished, 
the fill valve was then closed and removed ·from the 
quick-disconnect piece on the LUMLR. After the 
pressure was raised· to atmospheric pressure, the erlen-
.meyer flask and the vacuum tubing were disconnected and 
the LUMLR, on its platform, was then electrically con-
nected to the LUMLR controller. The fill port and exit 
port were cleaned and the insulation was wrapped around 
the reactor. With this done, a polymerization could 
now be ·run in the reactor. 
o. Polymerization, Data Collection, and Reactor 
.Unloading 
Prior to heating the swollen latex to reaction tem-
perature, the volume of the reactant.s was monitored by 
means of the LVDT sign~l for approximately t hour to 
determirie if there was a leak in the system. This was 
done by releasing the piston (by loosening the bolt) 
and recording the LVDT voltage on a chart recorder. If 
there was no leakage apparent, the stirrer was then 
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switched into the oscillatory mode and the volume once 
again monitored for a! hour period. At the end of 
this period, the automatic data recording device was 
switched on ana the initial data recorded on a cassette 
tape. The data recorded were the Lvor voltage, the 
fluid temperature, the c.:ylinder temperature, the heater 
voltage, and the time. At time zero, the heater was 
turned on. For the first 35 to 40 minutes data were 
recorded every minute, while after this initial heat-up 
period, data were recorded every 5 or 10 minutes 
dependin9 on the rate of reaction (the higher the rate, 
the more often data were recorded). The reaction was 
considered complete when the chart reco_rder trace of 
the LVDT voltage appeared essentially level. At 
this point the recording of data was stopped, and the 
heater an·d stirrer were turned off. The qu1ck-
disconnect p_iece was removed from the fill port with 
the piston position fixed by the bolt. The fill port 
was cleaned to remove any .unreacted latex trapped there 
and to pr.event this contaminant from entering the reac-
tor during piston removal. The quick-disconnect was 
then reconnected to the fill port and the piston was 
raised to its highest elevation by using the bolt. The 
piston support (i.e. the textalite housing .cover, 2 in 
Figure 1) was· then unfastened from the· cylinder, and 
the piston and housing cover were removed from the 
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cylinder. The latex was then decanted .into a 4 ounce 
bottle using a clean glass funnel, the bot~le capped 
and immediately quenched under coid running water. 
During the cooling of the pro~uct latex the r~actor was 
thoroughly cleaned with water, acetone, and toluene. 
Theo-ring at the base of the stirrer ~haft was 
replaced, while the 0th.er o-rings were simply cleaned 
and re-used. The fill valve was disassembled and care-
fully cleaned to remove all trapped latex. After the 
reactor was completely cleaned it was rinsed with ace-
tone and covered to prevent the settling of dust on any 
internal surface. 
E. Analysis of Product Latexes 
Although the polymerization kinetics were of pri-
mary importance in this investigation, the additional 
charact~rization of the product latexes frequently led 
to a gr·eater understanding of the actual polymerization 
process. Thu$, the product latexes were analyzed gra-
vimetrically to determine the final sol~ds content and 
to compare the measured ·solids content to the design 
value of 30%. Either scanning electron microscopy 
(SEM) or transmission electron miscroscopy (TEM) was 
us·ed to determine final particle size and .to evaluate 
the monodispersity of the sample. Gel Permeation 
chromatography (GPC) was used to measure the polymer 
molecular weight, and conductometric titra.tion was used 
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to determine the surface charge density of the polymer 
particles. The amount of residual styrene in the latex 
was determined by extraction with isooctane and sub-
sequent absorban~e of UV radiation by the isooctan~. 
This technique was also used to determine the amount of 
monomer imbibed by the polystyrene seed particles in 
the swollen latex. This isoocta~e extraction technique 
along with some of the product characterization 
techniques, will now be reviewed here in some detail. 
l. Isooctane Extraction Procedure 
The procedure for the isooctane extraction of a 
swollen latex and a product latex ~as essentially the 
same, with the only difference being the amount of 
latex sample initially taken, a·nd the amount of isooc:-
tane used for the dilution of the extrac"tant. For the 
analysis of a swollen latex, approximately O. 2· ml 
(0.5 -ml for a product latex) of the latex was carefully 
weighed into a !-ounce bottle containing a known weight 
of isooctane (ca. 20 g) .• This bottle containing the 
swollen latex sample in isooctane was then tumbled. end-
over-end in a lapidary tumbler for 48 hours. At the 
end of this tumbling period, six drops of the extrac-
tant from the swollen latex (10 drops for a product 
latex) was carefully weighed into a known weight of 
. ~ 
isooctane (about- 20 g for a swollen latex; 10 g for a 
product latex) • .This isooctane ~elution contained 
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about 5 -10 x 10 g styrene per g solution. The 
exact concentrati_on of styrene was determined by 
measuring. the absorbance of the styrene/isooctane solu-
tion using a UV absorbance monitor with a flow-through 
cell (Instrument Specialty Co., Model 1840). The 
styrene/isooctane solution was pumped through the UV 
absorbance monitor using a constant flow rate syringe 
pump (Harvard Apparats, Model 940). The absorbance was 
measured at a wavelength of 245 run on a chart recorder 
and using the calibration curve shown in Figure 7, the 
actual concentration of styrene was determined. Using 
this concentration, along with the weight of latex and 
isooctane taken, th~ concentration of styrene in the 
latex was then used to calculate a corrected recipe 
which accounted for incomplete swelling of the 
polystyrene particles. A sample calculation a~pear.s in 
Appendix A. This corrected recipe for the swollen 
latex wa• used· in the an~lysis of the kinetics. The 
amount of residual styrene in the product latex was 
determined and this information, in conjunction with 
the initial styrene concentration, was used to calcu-
late the final conversion as a check for the conversion 
determined by the volume contraction data. 
2. Molecular Weight Determination 
Molecular weight distributions were determined 
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using a GPC unit (Waters Associates, Model 201) which 
was outfitted with six columns and one pr~ column <p -
Styragel, 'l'oyo Soda, Japan). Dried polystyrene, 
obtained by heating latex to 70°C in an oven for gravi-
~etric determination of solids content, was dissolved 
in tetrahydrofuran ( THF) to form solutions of O. 5 . 
weight% polymer. These solutions were agitated until 
completely dissolved, filtered using a .Millipore pre-
filter and a Millipore filter with a 0.5 JJill diameter 
pore size. Using a solvent flow rate of 2.0 ml/min, the 
samples were injected into the GPC and a differential 
refractometer was used to detect the polymer exiting 
the columns. -The varying refractive index of the s·o1u-
tion was recorded on a chart recorder and these data 
were used as input, along with calibration data, to a 
computer program which calculated the weight and number 
average molecular weights and also plotted the molecu-· 
lar weight distributions. 
3. Conductometric Titrations 
To determine the·surface charge density on latex 
particles due to sulfate ions from the potassium per-
sulfate initiator, the technique of conductometric 
titration was employed. Before the analysis, several 
grams of latex was diluted to approximately 5 weight% 
polymer. This latex was the~ ion-exchanged (as 
described earlier) to remove all unbound ionic species. 
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Using at least 1 gram ·of polymer, the cleaned latex was 
further diluted with distilled deionized water in a 
clean 250 ml beaker. This solution was next bubbled 
with· dry nitrogen gas fort hour. With the solution 
being stirred with a magnetic stirrer, sodium hydrc;>xide 
solution (0.02N, .Fisher Scientific Co.) was added with 
a constant flow rate bure~te. The conductance of the 
solution was monitored as a function of the added base, 
with two platinum elect~odes and recorded on a. chart 
recorder. From this i"nformation the ·surf ace charge 
density was then calculated. A sample calculation 
appears in Appendix B. 
4. Particle Size Analysis 
The diameters of the polymer particles were 
measured electronically from TEM photographs using the 
Zeiss MOP-3 analyzing system (Carl Zeiss, Inc.). 
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III. RESULTS AND DISCUSSION 
A. The Existence of a Background Polymerization Rate 
in Emulsion 
As mentioned in the introduction, the failure of 
the "control" experiment on the. first flight of the MLR 
experiment on the Space Shuttle, provided the impetus 
for this study of the submicron. particle seeded 
emulsion polymerization of styrene. F:'igure 8 show·s a 
conversion-time curve for the Shuttle (STS-3) control 
experiment. W_hat this figure illustrates is that not 
only did the sample begin polymerizing before it- was 
heated to the 70°C reaction temp~rature, but also that 
the conversion for this recipe was essentially 100% 
prior to the 70°C period. This horizontal conversion-
time curve indicates that there· was-. no ·volume contrac-
tion due to polymerization.. These results were quite 
unexpected since the decomposition rate of potassium 
-9 -1 
persulfate at room temperature (kd = 6.6 x 10 sec ) 
was considered too low to initiate. polymerization. 
Since the possibility existed that the reactors had 
experienced a relatively high ( 35°C) ambient tem-
perature while in the orbiter prior to launch, work was 
begun to determine the cause for the. premature 
polymerlzation. 
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In order to examine the role the initiator played in 
the polymerization of the control. recipe prior to heat-
up, a similar recipe was devised which differed only in 
that it contained neither ini~iator nor buffer. Table 
l lists the weight fractions of the recipe .components 
for the flight control recipe (STS-3 Control) and the 
recipe containing no initiator or buffer (CON-1). 
The CON-1 recipe was mixed and then loaded in the 
LUMLR according to the procedure described in sections 
III Band III C. Th~ loaded reactor was then allowed to 
sit with no stirring at an average room temperature of 
21°C. The data were. recorded automatically on a data 
cassett~ tape. Figure 9 shows the conversion time 
history for the room temperature polymerization of 
styrene-swollen polystyrene latex in the absence of 
initiator. These data reveal that even at the relati-
vely low temperature of 21°C, polymerization begins 
after only 5 hours.. The rate of polymerization can b~ 
calculated from conversion-time data by measuring the 
slope of the line passing through the data. By calcu-
lating the slope of the conversion-time curve in the 
constant rate period (i.e. the straight line portion of 
the curve_), a value of. 0.56% conversion/hour was 
obtained for the rate of reaction. It was coniectured 
that this observed polymerization was due stric1;ly to 
the thermal polymerizat_ion of styrene in the polymer 
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TABLE I 
COMPARISON OF STS-3 CONTROL RECIPE AND RECIPE 
CONTAINING NO INITIATOR 
STS-3 Control 
0.19.um PS seed 0.100 wt. 
fraction 
Styrene monomer 0.200 
water 0.699 
Aerosol MA-80 
Emulsifier 0.00062 
Potassium 
Persulfate 
Initiator 0.000189 
Sodium Bicar-
bonate Buffer O.OOOi89 
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CON-1 
0.100 wt. fraction 
0.200 
0.699 
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particles. However, the value for the rate of bulk 
polymerization of styrene at 20°C as reported in the 
6 
literature, is only 0.20% conversion/hour. Because 
the experimentally measured polymerization rate dif-
fered greatly ·from the bulk l)Olymerization rate of 
styrene cited in the literature, it was thought ·that 
perhap$ the stainless steel of the reactor either cata-
lyzed the production of, or otherwise provided, the 
free radicals which initiated the polymerization-. 
Therefore, an identical recipe·was formulated and 
loaded into a convention~l glass dilatometer, in order 
to determine the effect of stainless steel on the 
observed polymerization rate. A diagram of the glass 
dilatometer is shown in Figure 10. For the first trial 
of the glass dilatometer, no stirring was used since 
none was used for the ~olymer·ization in the LU!-jLR. The 
.dilatometer was loaded with approximately 60 grams of 
swollen latex while taking care not to include any air 
bubbles in the glass bulb for the reason described 
earlier.: (·see section III-A). A blanket of nitrogen gas 
was introduced into the capillary .and the height of the 
liquid in the capillary was recorded as a function of 
time. Since this was to be a room temperature poly-
merization, no constant temperature bath was employed. 
The conversion-time data for the room temperature 
seeded emulsion polymerization of styrene in a glass 
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Figure 1 O, Diagram. of a conventional glass di la tometer. 
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dilatometer appear in Figure 11. These data CCON-10) 
are plotted along with the data obtained in the LUMLR. 
The presence of a 25 hour induction period for the 
polymerization run in the glass dilatometer may ·have 
resulted from an incomplete nitrogen purge o.f. the 
capillary, thus allowing oxygen gas to inhibit the 
reaction. Indeed, it was the existence of this induc-
tion period which caused the final conversions of the 
two latexe·i; to differ somewhat. However, the shapes of 
the curves are ~imilar and, in fact, in the constant 
rate ~eriod the calculated rate is -0.55% 
conversion/hour for the polymerization i·n the glass 
dilatometer. That the rates seem to be nearly iden-
tical in both the LUMLR and in the conventional glass 
dilatometer, seems to indicate that the observed poly-
merization in· the absence of initiator in the LUMLR is 
not due to. some effect assqciated with the stainless 
steel. Since the polymerization is not due to some 
external factor such as .reactor material, and it occurs 
even in the absence of initiator, what is actually 
being observed is the "background" thermal p<;>lymeriza-
tion of. styrene in the swollen polymer particles. 
In order tq ascert-in whether this background poly-
merization rate could be eliminated, a recipe identical 
to CON-1 was prepared and to this recipe was added 
0.0480 g of hydroquinone (240 ppm based on total 
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recipe). Hydroquinone is often used to shortstop or 
prevent polymerization.for both bul~and emulsion 
systems. The volume of the reactants as a function of 
time was monitored in the LUMLR. After 96 hours at 
room temperature C21°C) there was no conversion of 
monomer to polymer. Thi:s was confirmed by a parallel, 
experiment run in the glass dilatometer. After the 
four day period at room temperature, the reactor was 
heated to 70°C and the volume agai~ monitored as a 
function of time. The conversion-time history for this 
recipe is shown in Figure 12. The existencie of a 1200 
minute induction period at 7d°C indicates that the 
hydroquinone was effective in neutralizing any free 
radicals that may have beep generated. However, after 
the 1200 minute period during·which no polymerization 
occurred, the reaction then proceeded at a rate of 
1.36% conversion/hour in the constant rate period. 
Figure 13 shows a $emi-logarithmic plot of the polymeri-
zation rate
0
in moles polYil\e~ formed/second as a func-
tion of the weight fraction of polymer present based on 
the oil phase. This plot illustrates the initial 
constant rate period and the subsequent decrease in the 
polymeriza.tion rate at higher conversion. The fact that 
the polymerization rate at 70°C was more than twice the 
rate observed at 21~c, proves that the background poly-
merization in emulsion is due to some thermal,. free 
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radical generating mechanism. Since the ·rate of. poly-
merization in emulsion is much greater than the rate 
observed for the bulk polymerization of styrene at the 
same temp~rature, it appea-rs that the two phenomena are 
the result of two different mechanisms. The results 
imply that the.observed rate in emulsion is due to the 
thermal generation. of radicals in the aqueous phase, 
the degree of subdivision (or compartmentalization) of 
the system, or a combination of the two £_actors. 
With a knowledge of the rate of polymerization, 
equation Cl) can be rearranged and solved for· fi. the 
average number of free radicals per particle. As 
di~cussed previously (.section II) , styrene is 
generallly assume.a to follow Smith-Ewart case 2 kine-
tics. For this case, ii, is assumed to equal ·t; that 
is, on the average, the particles are polymerizing half 
of the time during a particular time interval. As 
larger particle size is reached, frequently ii will be 
greater than t ,. since the bimolecular termination· reac-
tion is no longer instantaneous and each particle can 
accomodate more than one free radical ·at a particular 
instant in time. One would expect to observe a steady 
state value of ii< t only when particle size is very 
small and initiator concentration is low. It was 
therefore surprising -to find that the room temperature 
seeded emulsion polymerization of styrene in the 
51 
absence of initiator yielded a st~ady state value of ii 
= 0.21 (i.e. case I kinetics). Figure 14 shows a plot 
of ii versus time. The scatter in the data is a numeri-
cal artifact of differentiating the conversion-time 
curve to obtain values for the instantaneous rate of 
polymerization. By fitting a straight line to .the data 
however, a horizontal line, corresponding to a value 
for ii equal to 0.21, is obtained. This steady state 
value for 5, indicates that there is significant free 
radi_cal desorption occurring. This can occur by the 
transfer of free radical activity to a monomer molecule 
(and thereby terminating a growing chain), with sub-
sequent desorption of the monomeric free radical into 
4,8,9 
the aqueous phase · Other workers have also 
reported a steady state value of ii< t in the emulsion 
polymerization of styrene 
10,11 
Thus, the initiator-
free seeded emulsion polymerization of styrene using 
0.19 ~ diameter se~d particles can be said to follow 
Smith-Ewart case I kinetics in which a steady state 
rate of polymerization is obtained at both room tem-
perature and 70°C. The observed polymerization seems 
to be the emulsion polymerization equivalent of the 
thermally induced bulk .polymerization of styrene. This 
background polymerization can be inhibited for at least 
four days at room temperature by the addition of 240 
ppm of hydroquinone. As is the case with initiator-
52 
0. 26 
(1) 
-(.) 
·-~ 
L.. 
ca 
..e, 0. 22 
V, 
-ca 
(.) 
·-"C 
ca 
L.. 
'-0 
L.. 
~ 
E 
::, 
C: 
(1) 
0. 18 
~ 0.14 
L.. 
(1) 
~ 
0.10 
0 
0 
Figure 14, 
0 
o. O 
0 0 0 
0 
0 0 
0 0 
0 
20. 40 60 80 
Time, hours 
Plot of ·average number of free. r~dicals. per 
particle(n) as a function of time for the room 
temperature seeded emulsio1; po~yirierizati?n of 
styrene· in the abs~nce of initiator showing 
Smith-Ewart case t behavior. 
53 
containing polymerizations, the background polymeriza-
tion rate is a function of the temperature., indicating 
that the production of free radicals during the 
background polymerization is a thermally induced 
process. 
B. The Effect of Variation of Hydroguinone 
Concentration on Polymerization Rate 
The results of recipes CON-1 and CON-2 indicated 
that not only would polymerization occur in a seeded 
emulsion system in the. a·bsence of initiator, but that 
this thermal polymerization could be inhibited for 
several days with the addition of hydroquinone. Thus, 
the kinetics of hydroquinone-containing polymerizations 
were studied in order to gain some understanding of how 
the inhibitor affected the polymerization, and also to 
determine whether a hydroquinone-containing recipe 
could satisfy the criteria for a control experiment 
aboard the Space Shuttle. 
The ability of hydroquinone to inhibit or shortstop 
polymerizations has been well documented in the litera-
6,9,12,13 
ture , and for this reason it was cho·sen for 
these experiments. Recipes were formulated containing 
varying amounts of hydroquinone and the recipes were 
evaluated in terms of the lE!!ngth of the observed induc-
·1 
tion period at room temperature, and the.measured poly-
54 
merization rate at 70°C relative to a recipe con-
taining no inhibitor. The amount of styrene inbibed by 
the polystyrene seed was .determined by the isooctane 
extraction technique described earlier. Table II 
lists the different concentrations of hydroquinone 
used ln these experiments and also lists the weight 
fraction of polystyrene and styrene in each recipe as 
determined by extraction with isooctane. All of the 
recipes contained 0.5 mM of potassium persulfate 
initiator, based on the aqueous phase, and also con-
tained enough Aero·sol MA-80 to cover 8% of the fully 
converted particle surface. 
The initial hydroquinone concentration used in 
recipe CON.;..3, 6 ppm, was designed to yield a two hour 
induction perio4 at 70°C. This hydroquinone con-
centration was calculated based on the known decom-
position rate of potassium persulfate at 70°C and with 
the assumption that each hydroquinone molecule could 
neutralize two sulfate ion radicals ·produced by the 
decomposition of initiator. After degassing, the 
recipe was polymerized in the LUMLR at 70°C. Figure 15 
shows the conversion-time history for the inhibitor-
containing recipe (CON-3) plotted on the same axis as 
another persulfate-initiated polymerization (SSS-1). 
Recipe ss5-l differed from CON-3 in that it contained 
50% less emulsifier and also contained no inhibitor •. 
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TABLE II 
RECIPE VARIABLES FOR INHIBITOR-CONTAINING FORMULATIONS 
Recipe Initial Weight Weight 
Designation Hydroquinone Fraction Fraction 
Concentration Polystyrene Styrene 
(ppm) 
CON-3 6.0 • 100 • 1 93 
CON-4 6.0 • 101 • 1 90 
CON-5 0.0 • 100 .1 99 
CON-6 0. 51 • 100 .200 
CON-7 2.3 .1 00 .200 
CON-8 3.5 • 100 .200 
CON-10 25.0 • 102 .181 
CON-11 25.0 • 101 • 1 87 
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f 
'i 
The conversion~time curves for the two recipes appear 
to b~ nearly identical in shape, with the only dif-
ference being the existence of an induction period for 
the recipe containing hydroquinone. From these results 
it appeared that hydroquinone would not cause any 
retardation of the polymerization rate. 
Although the recipe was designed to rield a two 
hour induction period at 70°C, the observed length of 
the induction period was only 70 minutes. Th.j.s was 
characteristic of all polymerizations containing 
hydroquinone. The observed induction period ~as always 
shorter than. the expected induction period, even at low 
temperatures. For .this reason, a recipe identical to 
CON-3 was tested to d·etermine whether it could prevent 
polymerization for four days at room. temperature. Once 
it was confirmed that 6 ppm of hydroquinone could 
indeed prevent: polymerization at room ten_tperature for 
nearly five days, this recipe (CON-4) was then heated 
to the 70°C .reaction temperature and the obtained kine-
tics were then compared to the results obtained when a 
delay at room temperature was not incorporated into the 
test (CON-3). These results are presented in Figure 
16. The observed induction period for CON-4 was 
shorter than that observed with CON-3 because more 
hydroquinone was neutralized, or "used up'', durin<J. the 
five day delay at room temperature. Another difference 
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apparent in the two conversion-time histories is the 
slight retardation of the initial polym~rization rate 
exhibited by CON-4. This retardation was attributed to 
the presence of a large excess of hydroquinone at the 
start of the 70°C period. _A series of room temperature 
polymerizations were run in order to minimize the 
amount of excess hydroq~inone present at the end of a 
four day period at room temperature. In addition, a 
recipe (CON-S) which contained no inhibitor but w~s 
otherwise identical to the inhibitor-containing recipes, 
was run in order to serve as a qualitative measure of 
the amount of retardation of polymerization rate caused 
by hydroquinone. Figure 17 shows conve.rsion~time 
histories for a 70°C polymerization of a recipe con-
taining 6ppm hydroquinone (CON-4), and an identical 
recipe containing no inhibitor (CON-5). Although the 
two curves are similar, the polymerization rates for 
the two recipes are different, albeit c;iifficult to com-
pare on a conversion-time plot. Figure 18 better 
illustrates the differences in polymerization rate for 
CON-4 and CON-5 ·at various conversions. The log of the 
polymerization rate ·is plotted as a function of the 
weight fraction of polym_er based on the oil phase. It 
is apparent that the recipe containing hydroquinone has 
both a lower initial and final polymerization rate when 
compared to the rate of polymerization for a recipe 
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with no inhibitor. Thus, although hydroquinone is 
considered an inhibitor, there is evidence that it 
behaves more like a retarder than an inhibitor. 
Confirmation of the retardation of polymerization by 
hydroquinone was obtained -in .room temperature polymeri-
zations of recipes cqntainin9 different initial amounts 
of hydroquinone. Conversion-time data were .obtained 
for a recipe containing 0.5 ppm hydroquinone (CON-6) 
and one containing 2.3 ppm hydroquinone (CON-7), in the 
LUMLR at room temperature. The polymerization rate as 
a function of the total fractional cony~rsion was 
calculated and the initial rates plotted in Figure 19. 
The plot of log polymerization rate versus total frac-
tional conversion ~hows that the initial rate of reac-
tion at 21°C is dependent on the initial hydroquinone 
concentration. The recipe containing 2.3 ppm of hydro-
quinone has a lower initial polymerization rate than 
the recipe containing 0.5 ppm of hydroquinone. This 
fact i~dicates that not only does hydroquipone cause 
retardation of the polymerization rate, but that the 
degree of retardation is d~pendent on the initial con-
centration of hydroquinone in the recipe. 
The duration o{ the observed induction period at 
21 ° C was studied as a tunction .of irii t:ial hydroquinone 
concentration. Table III lists the initial hydro-
quinone concentration and the observed length of the 
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TABLE III 
INITIAL HYDROQUINONE CONCENTRATIONS AND MEASURED LENGTH 
OF INDUCTION PERIODS AT 21°C 
Recipe Initial Initial Observed 
Designation Hydroquinone Initiator Induction 
Concentration Concentration Period 
(ppm) (mM) (hours) 
CON-1 o.o o.o 8.3 
CON-3 6.0 0.5 120.0 
CON-6 0.51 0.5 35.0 
CON-7 2.3 0.5 70.8 
CON-8 3.5 0.5 98.0 
GR-4 o.o 1.0 24.0 
LUMLR-4A o.o 1.0 24.0 
LUMLR-4B o.o 1.0 25.0 
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I • 
induction period for several recipes. Three recipes 
.( GR-4, LUMLR-4A, LUMLR-4B) contained no inhibitor but 
1.0 mM potassium persulfate. ~hese three recipes 
yielded induction periods lasting about 24 hours at 
room temperature. This is illustrated in Figure 20. 
The LVDT voltage, which· is proportional to conversion, 
is plotted on the ordinate and time in hours is plotted 
on the absc_issa. These experiments show that in -the 
absence of inhibitor, an induction period lasting 
appr9ximately 24 hours is nevertheless observed. This 
result was attributed to the presence of residual oxy-
gen in the recipe which was not removed by the 
degassing. procedure. The inhibfting p9wer of oxygen 
has been cited in the literature 
6,10,14 
To estimate 
the amount of oxygen gas remaining in a recipe after 
degassing at 20 mmHg, a Henry's Law calculation was 
made which ga.ve an approximate value for the solubility 
of oxygen gas in-water at room temperatue and ~O mmHg 
pressure. This calculation appears in Appendix C. The 
estimated amount of o~ygen gas in the latex after 
-6 
degassirig is 4.4 x 10 moles O /175 g recipe which is 
2 
a small amount but on the same order as the hydro-
quinone concentrations used (ca. 1 - 5 x 
-6 
10 · moles/175 g recipE!! >. Thus, the assumption that 
the observed 24 hour induction period in a room tem-
perature polymerization is due to residual oxygen 
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\. 
appears to be a valid one. 
The observed inciuction period was plotted as a 
function of the _in~ tial _hydroq:uinone concentration and 
appears in Figure 21. The data-are fitted well by a 
straight line, indicating that the obse~ved indu~tion 
period is linearly dependent on the initial hydro-
quinone concentration. Initially, this linear depen-
dence of induction period on hydroquinone concentration 
was surprising. However, an examination of the litera-
15 
ture revealed that Tudos had derived a theoretical 
expression for the variation of induction period with 
inhibitor cc;mcentration for the bulk polymerization of 
styrene. Tudos used several assumptions to simplify 
the equation to the following form: 
2Z 
t = 0 
i 2 
k -m 
i 0 
where t = length of induction period 
i 
z = initial inhibitor concentration 
0 
k = 
i 
rate constant for radical production 
m = initial monomer concentration 
. 0 
This eq~ation predicted a linear dependence of induc-
tion period on initial inhibitor concentration for the 
low temperature bulk polymerization of styrene. 
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. i 
Furthermore, he reasoned that this linear relationship 
indicated that there were no side reactions (e.g. copo-
lymerization of the styrene and inhibitor) occurring at 
16 
low temperatures. Foord found that the benzoquinone-
inhibited thermal (i.e. no initiator) bulk. polymeriza-
tion of styren·e at higher temperatures also yielded ·a 
linear dependence of induction period on initial benzo-
17 
quinone concentration. Melvilie and Watson however, 
found a slower increase in induction period than pre-
dicteq by Foord, and this was attributed to copolymeri-
zation of the inhibitor with the styrene. Figure 22 
shows a comparison of the expected and observed induc-
tion periods at room temperature for various con-
centrations of hydroquinone and a constant initiator 
concentration of 0.5 mM. The expected induction period 
was calculated· based on the known decomposition rate of 
initiator at room temperature, and on the assumption 
that- each inhibitor molecule neutralized two sulfate 
ion radicals. The observed induction periods were 
, .. 
extracted from rate data acquired quring room tem-
perature polymerizations. -There is a marked difference 
between the expected and the observed results. By com-
paring the slopes of the two curves, the observed effi-
ciency of inhibition was calculated to be only 1.8%. 
This exceedi.ngly low effectiveness of the hydroquinone, 
coupled with the observation that the length of the 
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induction period was zero-order with respect to initial 
concentration of hydroguinone, suggested that the inhi-
bition observed was caused ·by an impurity (such as 
benzoguinone) in the hyroguinone sample, and that the 
9 
hydroguinone itself was inactive. Black~ey and 
6 
Odian both found. hyroguinone was an inhibitor only in 
the presence of oxygen, and that the inhibition 
observed was due to the oxidation of hydroguinone to 
benzoguinone.. Thus, the hydroguinone sample was tested 
for the presence of an impurity which was belie.ved to 
be p;resent in amount of l .'8 % based upon weight. The 
hydroguinone wa& analyzed using IR spectroacopy, UV 
absorbance, and proton NMR. The IR spectrogram was 
inconclusive, but the UV absorbance did not show the 
presence of any benzoguinone. As a more sensitive 
test, the hydroguinone was next analyzed using .proton 
NMR. The sample was dissolved in deuterated DMSO, 
placed in a sample tube, and then analyzed. The 
resulting spectrum is shown in Figure 23. The oply 
peaks detected were due to the hydroguinone, the 
hydroxyl groups on the hydroguinone,· water due to 
atmospheric moisture, and the DMSO solvent. As a com-
parison, benzoguinone was also analyzed· after 
dissolving it in d-DMSO. The resulting spectrum, shown 
in Figure 24, exhibits only a single main peak which 
implies that no impurities exist in the benzoguinone 
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d-DMSO showing the single peak characteristic of 
a pure sample. 
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sample. Thus, the observed low efficiency of inhibi-
tion exhibited by hydroquinone was not due to the pre-
sence of any impurity in the sample. 
Another possible reason for the low efficiency of 
hydroquinone, and the observed retardation of the poly-
merization rate after the end 6f the induction period, 
is that perhaps the hydroquinone .partitions partially 
in the oil phase and partially in the aqueous phase . 
. 18 
Klein and Barabas have presented evidence that in 
some cases, . hydroquinone can p·arti tion completely in the 
oil phase. However, experimentally determined solubi-
lity data does not confirm this. The solubility of 
hydroquinone was determined by measuring the solids 
content of a saturated solution of hydroquinone in 
water and in styrene. The solubility was 8.1% in water 
at room temperature a·nd less than O. 03% in styrene at 
room temperature, which seemed to indicate that very 
little hydroquinone should partition in the oil phase. 
Partitioning of hydroquinone in the oil phase was also 
not detected when added to a mixture of styrene and 
water. The hydroquinone slowly oxidizes· in water to 
form a brown solution. Since no brown color. was 
observed in the styrene phase, while the aqtieous phase 
was brown, it ~ppeared that essentially no hydro-
quinone existed in the oil phase. 
As mentioned earlier, several researchers have 
found that hydroquinone only acts as an inhibitor when 
oxygen is present and can oxidize the hydroquinone to 
benzoquinone. The possibility· therefore existed, that 
the observed· low inhibition efficiency of hydroquinone 
was due to a rate-determining oxi_dation reaction to 
benzoquinone. To ~est this hypothesis, the induction 
period.due to oxidation (ca. 25 hours) was subtracted 
from the observed induction. periods to give induction 
periods due strictly to the added inhibitor. These 
values were compare4 to the expected induction periods, 
and an average efficiency was calculated. By inserting 
this value into a zero-order· kinetic rate equation, a 
value for the rate constant for the oxidation of hydro-
quinone was extracted. This calculation appears in 
Appendix n.. The value of the· rate constant for the 
oxidation of hydroquinone.obtained by this analysis was 
-13 
k = 3.9 x 10 moles hydroquinone/sec. Thus, the data 
do not exclude the possibility that inhibition is 
limited by the rate of hydroquinone oxidation. In 
order to determine wheth~r the formation of ben~ 
-zoquinone caused the observed induction periods, a 
recipe containing 3.5 ppm of benzoquinone was run at 
·room temperature in the LUMLR. The induction period 
for this i;-eaction lasted for only 60 hours compared to 
a 98 hour induction period obtained with the same con~ 
centration of hydroquinone. This difference could be 
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explained by the fact·· that benzoquinone is known to 
decompose to form complex degradation products in an 
13 
alkaline medium and that the recipes used in. this 
work had a pH of approximately 8 when prepared. 
Perhaps unless the benzoquinone reacts i~e.diately with 
free radicals, it oxidizes to form these complex degra~ 
dation products which have no inhibiting power. In the 
case of hydroquinone, the low rate of benzoquinone pro-
duction does not allow much benzoquinone to remain in 
excess in the solution and therefore the further oxida-
tion .of benzoquinone to ineffective degrada_tion pro-
ducts does not occur. 
since there has been speculation in the literature 
that hydroquinone can copolymerize with styrene 
the molecular weight of the polymer produced was 
measured using Gel Permeation Chromatography. The 
calculated values of .molecular weight app·ear in Table 
IV. These values indicate no trend toward lower mole-
cular weight with increasing hydroquinone concentration 
as.would be expected if copolymerization occurred. 
This evidence seems to show that there was no copoly-
merization of hydroquinone and styre~e in the 
styreneipolystyrene seeded system studied. 
To test if the hydroquinone terminated free radi-
cals in ~he styrene-swollen polystyrene parttcles, the 
surface charge density of the product polymer was 
·.,I 77 
TABLE IV 
CALCULATED NUMBER AVERAGE (Mn) AND WEIGHT AVERAGE (Mw) 
MOLECULAR WEIGHTS OF POLYSTYRENE PRODUCTS 
Recipe 
Designation 
CON-3 
CON-4 
CON-5 
CON-6 
CON~~ 
CON-9 
Initial 
Hydroquinone 
Concentration 
(ppm-) 
6.0 
-6. 0 
0.0 
0.51 
3.5 
3.5 
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Mn Mw 
. 5 5 
l.9xl0 7.5xl0 
5 5 
l.9xl0 9.5xl0 
5 5 
l.7xl0 9. 5xl.O 
5 5 
l.3xlO 9.6xl0 
5 5 
l.8xl0 7.9xl0 
5 5 
l.9xl0 8. 7x10 
calculated from conductometric titration results. If 
termination of the growing chains occur-red due to hydro-
quinone, the surface charge density would be expected 
to be higher than for a similar recipe c~:>ntaining no 
hydroquinone. However, the values obtained fo·r the 
surface charge density were 15.2 micro equivalents/gm 
.and 14. 7 ·micro equivalents/gm for a sample containing 
no hydroquinone and 3.5 ppm hydre>'guinone, respectj.vely. 
Since these values differed by only 3%, and the sample 
containing no inhibitor had the higher surface charge 
density, the conclusion was that the inhibitor ter-
minated radicals in the aqueous phase only and not in 
the· polymer particles. 
c. Flight Experiment Results 
Since the flight reactors were loaded approximately 
' 
four days prior to .the start of the polymerization, and 
the temperature-time history for the reactors during 
this four day delay could not be pie~icted, a recipe 
had to be designed which would be able to withstand 
both the time delay and possible _high ambient tem-
perature (e.g. 30°C) without polymerization. For this 
reason a recipe containing a relatively high amount of 
hydroquinone (25 ppm) was tested for its ability to 
satisfy the two criteria abov:e. ~his recipe was 
exposed to a 30°C environment for four days and then 
polymerized at 70°C (CON-11). This recipe was repeated 
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·-· !' ~ - .. \' 
and polymerized at 70°C with no delay at a lower tem-
perature CCON-10).- The conversion-ti'me histories for 
the two polymerizations are compared in Figure 25. 
Althougb the two runs both exhibit a retardation in 
polymerization rate when·compared to an identical 
recipe containing no hydroquinone, the conversion-time 
curves are essentially identical for the two 
hydroquinone-containing r·ecipes. Except for the pre-
sen~e of a shorter induction period for the recipe 
exposed to the·3Q°C environment, the curves are other-
wise identical in shape. Since this recipe yielded 
reproducible· kinetics, and allowed an ad~quate margin 
fo:t time and temperature variations, it was chosen as 
the con.trol recipe for a spaceflight experiment. 
The control experiment was run on STS~7, th~ maiden 
voyage of the Space Shuttle Challenger which left 
Kennedy Space Center on Apr.il 4, 1983-. When the flight 
reactors were unloaded after the return of the 
.Challenger, a styrene monomer odor was detected in the 
reactor containing ~he contr61 recipe. This indicated 
that the polymerization did not go to completion during 
the 17 hour period at 70°C. It was thought that 
perhaps there had been a hardware malfunction and the 
reactor had not heated to ~he 70°C reactlon 
temperature. However, an examination of the recorded 
·temperature-time data revealed that the heating to 
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reaction temperature had proceeded normally. The 
possibility remained that there was an impurity in the 
reactor or the recipe which caused the polymerization 
to be severely retarded. The flight recipe was there-
fore re-run in the same .reactor during a ground based 
test. Again, the conversion was not complete. Figure 
26 shows the conversion-time histories for the flight 
(F-12) and ground (G-12) experiments. When compared to 
the conversion-time curves for the same recipe obtained 
in the LUMLR, the flight and ground experiment kinetics 
were very different. N9t only were the conversions low 
(about 70% and 80% for the flight and ground 
experiments, respectively), but the polymerization 
rates were much lower for the flight and ground 
experiments. To test whether the recipes were somehow 
contaminated by a retarder, the leftover swollen 
latexes from the flight and groun_d experiments were 
loaded, undegassed, into glass dilatometers and heated 
to 70°C. The conversion-time curves for the recipe run 
in the LUMLR, the ground experiment, and the recipe run 
in the glass dilatometer appear in Figure 27. What is 
immediately obvious is that the ground experiment 
results are very different from the results of ·the two 
other polymerizations. The difference between the. 
kinetics obtained in the LUMLR and in the glass dilato-
metei was attribut~d to the slight retardation caused 
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by the oxygen not removed by .degassing prior to the 
loading of the glass dilatometer. Since the leftover 
swollen recipes yielded similar kine£ics when poly-
merized at 70°C,. it was con·cluded that the flight and 
ground experi~ent recipes were contaminated by a 
substance which was not removed from the reactors during 
cleaning. This impurity was thus able to severely 
retard the polymerization rate and also limit the final 
conversion of each recipe. 
The product. latexes from the flight and ground 
experiments were also characterized in terms of the.ir 
particle size distributions. The particle size distri-
bution histograms for ·the flight and ground experiments 
appear in Figure 28 and Figure 29 respectively. These 
histograms reveal that the two samples have nearly 
id~ntical par~icle size distributions~ with an average 
particle diameter of 246 run. The samples were fairly 
monodisperse with the flight sample having a standard 
deviation of 3. 6% and the ground sample having a 3. a·% 
standard deviation. Thus,. it appears that the impurity 
did not drastically broaden the final partible size 
distributiol)s and it also seems that the effect of gra-
vity on submicron seeded emulsion polymerization is· 
essentially nil. 
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1. 
IV. CONCLUSIONS 
1. There is a thermally induc~d "background" polymeri-
zation rate in a seeded· emulsion system which is much 
higher than the thermal bulk polymerization rate of 
styrene. This suggests that free radicals are ther-
mally generated in the aqueous p~ase. 
2. Hydroquinone yields ind~ction periods at room tem-
perature of only 1.8% of the length predicted by the 
decomposition rate data for potassium persulfate ini-
tiator. The rate of hydroquinone disappearance is zero 
order with respect to initial hydroquinone 
concentration. 
3. The linear dependence of induction period on ini-
tial hydroquinone cqncentration, ~long with the molecu-
lar weight measurements, indicate that no copolymeriza-
tion .of hydroqu~none with styrene occurs. 
4. Conductometric titrations indicate that hydro..; 
quinone reacts with free radicals in the aqueous phase 
and not in the oil phase~ 
S. Hydroquinone is not an ideal inhibitor, and when 
added to a seeded emulsion polymerization recipe, 
causes a retardation of the polymerization rate. 
88 
6. The hydroquinone and benzoquinone samples used were 
found by NMR to be essentially pure and the low effi-
ciency of inhibition observed was probably due to slow 
oxidation of the substances in water. 
7. Both the flight and ground run experiments exhi-
bited severe retardation of polymerization rate and low 
final conversion due to contaminants in the reactor. 
a. The measured particle size distributions showed 
that the contaminants had little or no effect on the 
quality of the final ·latex in terms of monodispersi ty. 
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APPENDICIES 
Appendix A: Calculation of Styrene Content 
of Swollen Latex 
From the .measured Absorbance and the calibration 
curve in Figure 7, calculate the concentration of 
styrene in the 2nd dilution(c). 
-6 
Ex: c = 5.947 x 10 g styrene/g solution 
19.28 g = weight isooctane 
.2288 g = weight swollen latex. added to above isooc-
tane 
• 0527 g = weight of above mixture added to addi-
tional isooctane 
28.8793 g = weight of solution formed by addition o
f 
.0527 g mixture to additional isooctane 
-6 
(5.947 X 10 g styrene/g solution)•(20.8793 g) 
-4 
(1.24 X 
( 2 .• 36 X 
= 1.24 x 10 g styrene 
-4 
10 g styrene)•(.0527 g) 
10 
-3 
- 2 .36 X 10 g styrene 
-3 g styrene)• (19.28 g) 
-2 
= 4.54 ·X 10 g styrene 
-2 (4.54 x 10 g styrene)/(f2288 g latex)= 
design swelling ratio= 0.20 g styrene g latex 
.i99 g styrene 
g latex 
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Appendix B: 
oata Required: 
Determination of Surface Charge 
Density from Conductometric Titration 
Data 
1. grams polyiner titrated 
2. particle size 
_.area/particle-.wt ./particle -. part~cles/gram 
-+area/gm_. gm/area 
3. ml of NaOH titrated and normality of NaOH 
calculate: 
I. equivalents/gm polymer= N X ml NaOH NaOH 
a:I 
u 
= ~ 
-u 
= 
"Cl 
= c::, 
u 
I 
l 
I 
I a I 
1- ~, 
I 
I 
I 
I 
I 
I 
wt. polymer x 1000 
a= ml titrated 
for strong 
acid 
.,__ ml NaOH titrated 
.94 
--. - ,- __. -~·--·-·~ .. ·-·- --·---- ·-
sample Calculation 
-4 
CON-5: particle _diameter= 0.24 pm= .24 x 10 cm 
57.33 g latex x .04575 g PS = 2.62 g PS 
g latex 
2 -10 2· 
area= D /4 = 4.524 x 10 cm /particle 
-15 3 3 
wt./particle =(5.43 x 10 cm /particle)o(l.05g/cm ) 
-15 
= 5.70 x 10 g/particle 
particles/g = ~___;;l;;.._ ___ = 
-15 5.70 x 10 g/particle 
14 
1.754 x 10 particles/g 
14 -10 2 
1. 754 x 10 particles. x 4. 52 x 10 · cm /particle 
g 
2 
=79,367 cm /g 
2.0 N x (O.l cm x 0.2 ml/cm)= 
2.62 g X 1000 
-5 
1.52 X 10 
equivalents/g PS 
or 
15 .2 p.-equivalents/g 
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Appendix C: Henry's Law Estimation 
of Oxygen: Gas solubility 
In wat;:er at 20°C and 20 mmHg 
T°C 20 25 
H 
X 
A 
p 
A 
= 
-. 
X = 
A· 
X = 
A 
4 
4.01 4.38 X 10 
mole fraction in .liquid phase 
partiai pressure in atmospheres 
@ 21°C H·= 
1 
4 
4.084 X 10 
@ 1 atm 
4 
4.084 X 10 
·-5 
= 2 .. 449 X 10 moles O 2 
mole HO 
2 
-7 
20/760 = 6.444 t 10 · moles 0 2 
4 
4.084 X 10 
@ 20 nunHg 
mole HO 
2 
122.359 g Ho in recipe. lmole HO 
2 2 
18 g H 0 
2 -7 
= 6.798 moles HO• 6.44 x 10 mole 0 2 2 
-6 
= 4.38 x-10 •oles O 2 
recipe 
96 
mole HO 
2 
Appendix D: Calculation of Rate Constant 
for the Oxidation of Hydroquinone 
in Emulsion at Room Temperature 
.Efficiency of Hydroquin9ne based on induction period: 
CON-6: 10hr = 0.01776 
.563.2hr 
CON-7: 45.83 -. 0. 01792 
2557 
CON-8: 73.00 0.0183 
3 
3.975xl0 
Average Efiiciency = 0.0183 (or 1.8%) 
CON-6: 
CON-7: 
BQ 
k 
= 
= 
0 . 018 015 [ HQ ] 
0 
[HQ] - [HQ] 
0 
At 
[ HQ 1 - [ aQ·l = 0.0185 = kt induction 
·o 
k 
k 
[HQ] 
0 
= 
= 
k = 
[HQ] • 0. 018 
0 
t induction 
-13 
4.09 x 10 moles/sec 
-13 3.96 x 10 moles/sec 
[HQ] 
0 
-13 
CON-8: · k = 3.80 x 10 moles/sec 
Average k 
-13 
= 3.9 x 10 moles hydroguinone 
s·ec 
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